1. Introduction {#s0005}
===============

Fruit juices are rich in bioactive compounds and meet consumer demand for healthy, tasty and practical foods, which encourages consumption ([@b0050]). It has been shown that consuming cloudy apple juice can be more beneficial to health than clarified juice, since cloudy apple juice is a good source of bioactive and prebiotic compounds such as ascorbic acid, polyphenols, and pectin ([@b0060], [@b0145]). For cloudy apple juice, the most important factor responsible for quality degradation is enzymatic browning, which is catalyzed by polyphenol oxidase (PPO) through the oxidation of naturally present polyphenols. The production of juices with fresh-like characteristics and stable quality during processing and storage remains a challenge for the beverage industry ([@b0190]). In recent decades, the development of non-thermal technologies such as cold plasma, pressurized fluid processes, ultrasonication and high-pressure applications has been an important aim of food technology research as alternatives to thermal treatments for foods quality retention. The effect of High Pressure Carbon Dioxide (HPCD) on PPO and other enzymes have been extensively studied on different fruit juices by [@b0030], [@b0075], [@b0080], [@b0275] among others. Thermosonication has also emerged as an alternative for enzymatic inactivation ([@b0005], [@b0080], as well as Pulsed Electric Fields ([@b0010], [@b0265]). Cold plasma is a promising non-thermal technology for foods that is already recognized as an industrial surface functionalization and decontamination method. Plasma is known as the fourth state of matter, consisting of an ionized gas composed of electrons, ions, radicals and atoms which are both in ground and excited states ([@b0230]). Plasma can be generated in any neutral gas by providing enough energy for its ionization ([@b0150]). Cold plasma is generated at 30--60 °C and it does not present thermodynamic equilibrium ([@b0040]). Some advantages of this technology are short treatment times and reduced thermal effects, which makes it suitable for treating heat sensitive food ([@b0120]). When air is used as working gas the formation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) occurs, and they can interact with different compounds present in the food, altering their properties ([@b0185]). Cold plasma has been applied to a wide range of foods including dairy products ([@b0035], [@b0205], [@b0210]), meat ([@b0090]) and bakery products ([@b0015]) among others. However, few studies have evaluated or understood the effect of cold plasma on enzymatic inactivation. Furthermore, existing studies were mainly focused on solid fruits; tomato ([@b0115], [@b0125]), kiwifruit ([@b0180]) or melon ([@b0235]). The non-thermal treatment and impact on the quality enhancement of fruit juices is an increasingly important area of study for high economic and nutritional value beverages, including apple juice ([@b0095], [@b0255]), blueberry juice ([@b0070]) or pomegranate juice ([@b0165], [@b0170]). Thus, we addressed the gap identified in relation to quality retention of high value fresh cloudy apple juice and optimized a bench scale cold plasma process using air as the inducer gas. A custom built system that allows control of key plasma reactive species through changing the mode of discharge was employed ([@b0105], [@b0110]). Direct treatment to liquid was used, with two discharge modes initially compared for controlled effects on PPO inactivation; corona glow discharge and spark discharge. The effect of cold plasma enzyme inactivation depends on gas composition, electrical input, exposure mode, treatment time and food composition ([@b0040], [@b0100]). In the present study, these variables were studied for PPO inactivation in cloudy apple juice along with other critical quality parameter responses of color, cloud stability, polyphenol content and antioxidant activity evaluated after spark discharge plasma treatments and during 28 days of storage at 4 °C, which have not been examined to date.

2. Materials and methods {#s0010}
========================

2.1. Sample preparation {#s0015}
-----------------------

### 2.1.1. Cloudy apple juice {#s0020}

*Golden delicious* apples were peeled and cubed. To avoid enzymatic browning during processing, apple cubes were submerged in a 0.3% of [l]{.smallcaps}-ascorbic acid solution for 5 min and then they were wiped and immediately squeezed with a juicer (Breville JE3). The juice was filtered and analyzed immediately after preparation, which was considered as untreated sample (control). Cloudy apple juice was stored frozen (−18 °C) in 25 mL tubes until required.

### 2.1.2. Pure PPO solution {#s0025}

In order to compare PPO inactivation between a pure enzymatic solution and in apple juice, a pure Polyphenol oxidase solution was prepared. The enzyme used was tyrosinase from mushroom (Sigma-Aldrich®). Following the manufactureŕs recommendation the enzyme was diluted in a 0.1 M sodium phosphate buffer pH = 6.5 (enzyme optimum pH = 6--7). Final enzyme concentration was 0.04 mg/mL. Activity of PPO was measured right after preparation and considered as untreated sample. Enzyme solution was frozen (−18 °C) until further use.

2.2. Cold plasma treatments {#s0030}
---------------------------

Two types of electrical discharge configurations were employed ([Fig. 1](#f0005){ref-type="fig"}); namely spark or glow discharge to liquid, with system characteristics and diagnostics previously reported in detail ([@b0105], [@b0110]). Briefly, in both setups, a stainless-steel needle served as the high voltage (HV) electrode and was fixed perpendicular to the juice surface. The distance between the HV needle tip and the juice surface was fixed to 5 mm in all experiments. For each treatment of the juice or model enzyme solution, 10 mL of the liquid sample was accurately added into a plastic petri dish (55 mm inner dimeter) serving as a sample holder, which corresponded to a liquid layer of about 4.2 mm depth. To realize two different discharge modes, the ground electrode connection was adjusted in two setups. In [Fig. 1](#f0005){ref-type="fig"}(a), the plastic petri dish was placed on a stainless-steel plate which was connected to the ground; in [Fig. 1](#f0005){ref-type="fig"}(b) a thin ground electrode rod was submerged into the juice sample contained in the petri dish. The two electrical discharge configurations were investigated in order to compare their effect on PPO inactivation on cloudy apple juice as they can generate different plasma reactive species profiles ([@b0105], [@b0110]). Both treatments are plasma discharge to liquid sample, with both discharges operated in open air. The power supply used for driving plasma discharges was a HV half bridge resonant inverter circuit (PVM500, Information unlimited). Its maximum output voltage was 20 kV with a variable frequency of 20--65 kHz depending on the plasma load capacitance. Applied voltage and discharge current were monitored by a Tektronix P6015A HV probe and an ELDITEST CP6990 current probe, respectively. The HV probe and the current probe were connected to the high-impedance inputs of an InfiniVision DSO-2014A oscilloscope (Agilent Technologies, 100-MHz bandwidth and 2-G Samples/s sampling rate).Fig. 1Schematic of plasma discharge on juice, (a) spark discharge, (b) glow discharge. Adapted from [@b0105], [@b0110].

The effect of input power in spark discharge was evaluated in apple juice using a voltage range from 7.9375 to 10.875 kV to determine the optimum voltage. Then, using the optimum voltage level, the effect of treatment time was studied from 1 to 5 min in both cloudy apple juice and in pure enzyme solution. Measurement of PPO activity and physical-chemical analysis of samples were carried out immediately after each treatment.

2.3. Physico-chemical analysis {#s0035}
------------------------------

### 2.3.1. Determination of polyphenol oxidase (PPO) activity {#s0040}

The activity of PPO was determined spectro-photometrically. It was analyzed by mixing 100 µL of sample with 2.9 mL of substrate solution, which was a 0.05 M catechol (Sigma Aldrich®) solution prepared in a 0.1 M phosphate buffer (pH 6.5), which was kept at 30 °C in a water bath. Oxidation of catechol was determined immediately by the increase of absorbance at 420 nm during 120 s by using a spectrophotometer (DR6000 Hach Lange). The solution of catechol was used as blank. PPO activity was taken as the very first linear part of the reaction curve ([@b0075]).

Relative residual activity of PPO was expressed as:$$Residual\mspace{900mu} activity = \frac{Enzyme\mspace{900mu} specific\mspace{900mu} activity\mspace{900mu} in\mspace{900mu} the\mspace{900mu} processed\mspace{900mu} juice}{Enzyme\mspace{900mu} specific\mspace{900mu} activity\mspace{900mu} in\mspace{900mu} the\mspace{900mu} untreated\mspace{900mu} juice} \cdot 100\%$$

### 2.3.2. Determination of pH, color and non-enzymatic browning {#s0045}

**pH** of cloudy apple juice was determined with a pH-meter (Eutech™ pH 700) at room temperature (21 ± 1 °C).

**Color** was measured at room temperature (21 ± 1 °C) using an UltraScan PRO colorimeter (Hunterlab, Inc.). The observation angle was 10°, equal to the perception of a human observer, and illuminant D65 was used (daylight source), following the CIE recommendations. For calibration, a white reference standard was used before the measurements. An appropriate cell was filled with 20 mL of cloudy apple juice and color was measured. Color parameters obtained were L\* (lightness), a\* (redness) and b\* (yellowness) and the CIE L\*, a\*, b\* parameters were used to report the total change in color (ΔE) (Eq. [(2)](#e0010){ref-type="disp-formula"}).$$\Delta E = \sqrt{\left( {L_{untreated}^{\ast} - L_{treated}^{\ast}} \right)^{2} + \left( {a_{untreated}^{\ast} - a_{treated}^{\ast}} \right)^{2} + \left( {b_{untreated}^{\ast} - b_{treated}^{\ast}} \right)^{2}}$$

Depending on the value of Δ*E*, differences in perceivable color can be analytically classified as very distinct (Δ*E* \> 3), distinct (1.5 \< Δ*E* \< 3) and small difference (Δ*E* \< 1.5) ([@b0125]).

**Non-enzymatic browning** (NEB) was determined spectrophotometrically. For its determination, the method described by [@b0175] was applied with slight modifications; 0.7 mL of apple juice was mixed with 0.7 mL of ethanol in a 1.5 mL Eppendorf tube. The mixture was centrifuged at 12,000*g* for 10 min (Legend Micro 21R, Thermo Scientific™). Supernatant was recovered and 1 mL was mixed with 1 mL of a trichloroacetic acid solution (734 mM) and 1 mL of a thiobarbituric acid solution (25 mM). Samples were incubated at 40 °C during 50 min, and then, absorbance was measured at 443 nm at room temperature (21 ± 1 °C). A blank was also prepared with distilled water instead of juice. Non enzymatic browning of juice was expressed as the absorbance value at 443 nm.

### 2.3.3. Determination of cloud value, cloud stability and particle size distribution (PSD) {#s0050}

**Cloud value** was measured according to the method described by [@b0250] with slight modifications. 4 mL of juice were centrifuged at 760*g* during 10 min in a thermostatic centrifuge at 4 °C, then the supernatant was collected and its absorbance was measured at 660 nm.

**Cloud stability** was determined using the method of [@b0020]. 4 mL of juice were centrifuged at 4200*g* for 15 min, and the absorbance of the supernatant was measured at 625 nm. Cloud stability was calculated according to Eq. [(3)](#e0015){ref-type="disp-formula"}:$$\mathit{CS}\% = \frac{A_{c}}{A_{0}} \ast 100$$where A~c~ and A~0~ are the absorbance after and before centrifugation respectively. In both determinations, a spectrophotometer (DR6000 Hach Lange) was used for the measurements and distilled water was used as blank.

**Particle size distribution (PSD)** was determined by laser diffraction with a Mastersizer Hydro-2000S (Malvern® Inst., MA) following the method used by [@b0080]. Apple juice was added to a stirred vessel containing distilled water, until an obscuration level of more than 10% was achieved. The system uses a laser light to size particles from 0.02 to 2000 µm by light diffraction. Particle size distribution was calculated by the Fraunhofer model. Size distributions (volume fractions against particle size) were calculated and the weight-average sizes expressed as:•The equivalent surface area mean diameter:$$D\left( {3,2} \right) = \sum n_{c}d_{lc}^{3}/\sum n_{c}d_{lc}^{2}$$•The equivalent volume mean diameter:$$D\left( {4,3} \right) = \sum n_{c}d_{lc}^{4}/\sum n_{c}d_{lc}^{3}$$where d~lc~ is the diameter of the particle and n~c~ is the percentage of particles.

The Span value was also evaluated:$$Span = \frac{d_{v,0.9} - d_{v,0.1}}{d_{v,0.5}}$$where d~v,0.9~, d~v,0.1~ and d~v0.5~ are the particle size bellow which, 90%, 50% and 10% of the particles lies, and it describes distribution width.

### 2.3.4. Determination of total phenolic content and antioxidant capacity {#s0055}

**Total phenolic content** (TPC) was determined by using the Folin-Ciocalteau method described by [@b0080]. First, 100 µL of juice were mixed with 2.8 mL of water and subsequently with 100 µL of the Folin-Ciocalteau reagent (VWR), in that order. After that, 2 mL of sodium carbonate 7.5% (w/v) were added to the mixture and the reaction immediately started. Color was measured spectrophotometrically at 750 nm after 60 min of reaction at room temperature (21 ± 1 °C). A blank was also prepared using water instead of juice. Total phenolic content retention of juice was expressed as:$$Total\mspace{900mu} phenolic\mspace{900mu} content\mspace{900mu} retention\mspace{900mu}{(\%)} = \frac{\mathit{Abs}\mspace{900mu}\left( {750\mspace{900mu} nm} \right)in\mspace{900mu} the\mspace{900mu} treated\mspace{900mu} juice}{\mathit{Abs}\mspace{900mu}\left( {750\mspace{900mu} nm} \right)in\mspace{900mu} the\mspace{900mu} untreated\mspace{900mu} juice} \cdot 100$$

**Antioxidant capacity** was determined by the DPPH assay described by [@b0075] with modifications. This method is based on the discoloration of the radical 2,2-diphenil-1-picrylhydrazyl, which occurs in presence of an oxidant agent. DPPH was prepared in advance, consisting of 50.7 μM DPPH in methanol and kept in the dark for a minimum of 4 h before use. For the antioxidant test, juice samples were diluted 1:10 with deionized water. The reaction took place when 300 μL of diluted cloudy apple juice were mixed with 3 mL of DPPH solution. Absorbance was measured at 517 nm at room temperature after 60 min of reaction in the dark. Results were expressed as inhibition percentage of the radical.

2.4. Shelf life study {#s0060}
---------------------

Physico-chemical parameters and PPO activity were analyzed in apple juice directly after cold plasma treatments. Then, apple juice samples were stored at 4 °C and periodically analyzed every 7 days up to 28 days to determine key parameters evolution. PPO activity of pure enzyme solution was studied immediately after the treatments and 24 h later (4 °C).

2.5. PPO inactivation kinetics {#s0065}
------------------------------

Different kinetic models were tested to fit the evolution of the residual enzymatic activity as a function of time:

### 2.5.1. Weibull model {#s0070}

The non-linear Weilbull model can be written in the power-law form as ([@b0245]):$$\mathit{\log}_{10}\left( \frac{A}{A_{0}} \right) = - bt^{n}$$where A~0~ is the initial activity of the enzyme, A is the residual activity at different treatment times (t), b is the non-linear rate parameter and n is the shape factor.

### 2.5.2. Two-fraction kinetic model {#s0075}

This model takes into account the existence of several isoenzymes of PPO in apple juice, grouped into two fractions, a labile and a stable fraction. Both enzymes were considered to be inactivated according to first-order kinetics, but independently of each other ([@b0030]):$$A = A_{L}\exp\left( {- k_{L}t} \right) + A_{S}exp{( - k_{S}t)}$$where A~L~ and A~S~ (A~S~ = 1-A~L~) are the activity of the labile and stable fractions respectively and k~L~ and k~S~ (min^−1^) the inactivation rate constants of both the labile and stable fractions respectively.

2.6. Statistical analysis {#s0080}
-------------------------

All analyses were conducted using software Statgraphics X64. The results are presented as a mean ± standard deviation of at least three replicates. The significance of the differences was determined based on an analysis of the variance with the Tukey\'s honestly significant difference (HSD) method at p-value ≤ 0.05.

To estimate the kinetic parameters for the different models tested in this work, non-linear regression was performed by using the Marquardt algorithm (Statgraphics X64). The mean relative deviation (MRD) between experimental and calculated residual activities was also evaluated:$$\mathit{MRD} = \frac{1}{n}\left( {\sum\limits_{\mathit{all}\mspace{900mu} samples}\left| \frac{\mathit{RA}_{\mathit{calc}} - \mathit{RA}_{\mathit{\exp}}}{\mathit{RA}_{\mathit{\exp}}} \right|} \right) \ast 100$$

3. Results and discussion {#s0085}
=========================

3.1. Effect of plasma treatment on PPO activity {#s0090}
-----------------------------------------------

After preliminary studies using PPO inactivation as the indicator, spark discharge mode was found to be more effective for PPO inactivation of cloudy apple juice than glow discharge configuration. No significant difference was found after 1 min of treatment, since RA was 85.9 ± 1.4 and 82.9 ± 3.7 after glow and spark treatments respectively, but after a treatment of 5 min the difference was much higher, being in this case RA 55.5 ± 2.5 and 16.6 ± 2.2. [@b0105], [@b0110] explained that in a spark discharge, a higher concentration of H~2~O~2~ and NO~3~^−^ is produced than in glow discharge, which may produce a higher enzyme inactivation due to the inactivation effect of these species ([@b0080]). Therefore, further experiments were performed using the spark discharge mode.

### 3.1.1. Effect of input power {#s0095}

The effect of input power (voltage and frequency) was the first variable evaluated. Eight different spark plasma treatments using voltage values from 7.9375 to 10.875 kV were carried out, with treatment times of 5 min. PPO residual activity for each treatment is presented in [Fig. 2](#f0010){ref-type="fig"}a. Higher input voltage is linearly related to greater inactivation efficacy of Cold Plasma on PPO (PPO Residual activity = −23.871·Voltage +267.15; R^2^ = 0.9905). Although the highest voltage applied (10.875 kV) produced the best inactivation results, reaching a final residual activity of 6 ± 5%, it was not significantly different to the one obtained at 10.5 kV (16 ± 0.8%) at p-value ≤ 0.05. Temperatures of the juices after the treatments were 41 and 50 °C for 10.5 and 10.875 kV respectively, therefore, 10.5 kV was chosen as the best input voltage for the following experiments.Fig. 2Effect of (a) input voltage. Continuous line represents linear adjustment (b) treatment time on PPO inactivation of (○) cloudy apple juice and (□) PPO solution (pH = 6.5) after plasma treatment. Continuous line represents Weibull model (Apple juice R^2^ = 98.9; PPO solution R^2^ = 99.8). Filled spots (•) represent final temperature after plasma treatments.

### 3.1.2. Effect of treatment time {#s0100}

As can be observed in [Fig. 2](#f0010){ref-type="fig"}b, increasing treatment time increases PPO inactivation. Best results were found after longer treatment times, where final PPO activity in cloudy apple juice was 27.6 ± 2.9 and 16 ± 0.8% after 4 and 5 min respectively, although this difference is significant. When treatment time increased, an increase in the final temperature of the juice was also observed ([Fig. 2](#f0010){ref-type="fig"}b). In order to know if the higher inactivation at longer treatment times was attributable to this increase in temperature, independent heating treatments were also performed on apple juice. No inactivation was observed after heat treatments in the time range from 1 to 5 min; however, some enzyme activation was observed, so it can be concluded that inactivation of the enzyme was due to the effects of plasma treatment. [@b0230] treated fresh-cut apples using Dielectric Barrier Discharge (DBD) plasma, and observed that increasing treatment time significantly decreased PPO activity, where after 10 min treatment, residual activity of PPO was still 88%, which decreased to 42% after 30 min treatment. In comparison, in the present study, higher PPO inactivation and in significantly less time was achieved by the use of spark plasma. [@b0155] studied the kinetics of isolated tomato peroxidase inactivation by in package DBD plasma, where they obtained low inactivation after 1 min of treatment (30%) and nearly total inactivation after 3 min. In the present study, different treatment times were also applied on pure enzyme solution (pH = 6.5), and the same trend was observed ([Fig. 2](#f0010){ref-type="fig"}b), but in this case, total inactivation was reached after 4 min plasma treatments, and higher inactivation rates were observed, showing that inactivation is easier and faster when enzyme was isolated than when it was present in a complex food matrix. For both cloudy apple juice and the pure enzyme solution data, the Weibull model fitted very well (for apple juice: b = 3.5 ± 0.1, n = 1.5 ± 0.2, R^2^ = 98.9; for pure PPO solution: b = 1.7 ± 0.1, n = 1.6 ± 0.1, R^2^ = 99.8). It can be seen that the shape value, n, is very similar in both samples, but b value of pure PPO solution is the half of the value for apple juice, due to higher inactivation rates. [@b0215] also treated polyphenol oxidase (PPO) from mushroom and they observed that its inactivation depended greatly on the plasma exposure time. Inactivation kinetics were very similar to the ones of the present study, after 4 min of treatment, final residual activity was around 90%, although they employed argon as working gas. Employing air as a working gas provides ease of operation and cost effectiveness to the process.

### 3.1.3. PPO activity during storage {#s0105}

Treated apple juices were stored during 28 days at 4 °C, and PPO activity was measured just after the treatment and 24 h later, and then weekly for up to four weeks. During the first day of storage, a significant decrease in PPO activity was observed. Juice that had been treated for just one minute experienced a decrease from 83.7 ± 0.5 to 35.6 ± 0.8% of residual PPO activity after only 24 h storage. Juice that had been treated for 4 or 5 min had minimal PPO activity 24 h post treatment, and no residual activity was found after 7 days up to the end of the storage study ([Fig. 3](#f0015){ref-type="fig"}). No reactivation was observed in any of the treated juices over the storage trial as well as in the pure PPO solution, although this one was only measured until 24 h after treatment. After 24 h post treatment, there was still residual activity in the juices that had been treated for 1, 2 and 3 min, but this was very low, e.g. residual activity changed from 63.5 ± 2.8 just after the treatment to 25.6 ± 0.6 after 24 h of storage. Many studies propose that enzymatic inactivation by plasma treatments is produced by ROS (Reactive Oxygen Species) and RNS (Reactive Nitrogen Species) formed and their effect on conformational changes and structure changes of the enzyme ([@b0135], [@b0215], [@b0225]). Although formation of these species has not been studied during storage time, according to [@b0220], H~2~O~2~ formed during plasma treatment and during in container storage time has a longer half-life than other reactive species, and could remain active in the treated juice post plasma treatment, which could cause a further inactivation of PPO in the juice during prolonged storage. PPO residual inactivation kinetics during storage were fitted to the Weibull model and to the two fractional kinetic model ([Table supplementary 1](#s0150){ref-type="sec"}). Inactivation data during storage fitted quite well to both models, although the two fractional kinetic model fitted better, especially for short plasma treatments. At the one minute plasma treatment time, inactivation kinetic data fitting during storage was R^2^ = 95.6 for the Weibull model and R^2^ = 98.6 for the two fraction one ([Table S1](#s0150){ref-type="sec"}). The activity (A~S~) and the inactivation rate constant (K~S~) during storage of the stable fraction of the enzyme showed an increase and decrease, respectively, when increasing treatment time, and are plotted in [Fig. 3](#f0015){ref-type="fig"}b and [2](#f0010){ref-type="fig"}c. As can be observed, the activity of the stable fraction of PPO decreased linearly (A~S~ = −18.2·treatment time +98; R^2^ = 0.9934) when treatment time was increased, decreasing from 77.8 ± 10.4 (1 min treatment) to 7.9 ± 0.1% (5 min treatment). In the same way, the constant that refers to the inactivation rate of the enzyme increased after longer treatments, showing a noticeable increase after 5 min of treatment ([Fig. 3](#f0015){ref-type="fig"}c).Fig. 3(a) PPO residual activity in cloudy apple juice just after different plasma treatments of (◊) 1 min, (□) 2 min, (Δ) 3 min, (○) 4 min and (×) 5 min and during storage at 4 °C. Solid symbols represent the experimental inactivation values obtained, and continuous lines represent the two fraction kinetic model data. (b) A~s~ values from the two fraction kinetic model after different treatment times. Continuous line represents linear adjustment (c) K~s~ values from the two fraction kinetic model after different treatment times. Continuous line represents exponential adjustment.

3.2. Effect of spark plasma on physical-chemical properties of the juice {#s0110}
------------------------------------------------------------------------

### 3.2.1. pH, color and non-enzymatic browning {#s0115}

A significant decrease in the pH value of all the plasma treated samples was observed, and this decreasing trend was aligned to treatment time. After 4 and 5 min of treatment the decrease in pH changed from 3.73 to 3.58 and 3.59 respectively ([Table 1](#t0005){ref-type="table"}). After 28 days of storage, the pH value of the juice was similar to that measured immediately after the treatment. After a DBD treatment of just 2 min, [@b0255] found that pH of commercial apple juice decreased from 3.96 ± 0.01 to 3.34 ± 0.01. [@b0095] also observed a pH decrease after a 30 kV DBD treatment, where pH of commercial apple juice changed from approximately 3.71 to 3.66 after just 40 s of treatment. [@b0240] explained that this effect is produced due to the formation of chemical species by the action of plasma, such as hydrogen peroxides, that contribute to the acidity of liquid samples.Table 1Non enzymatic browning (NEB), cloud value, cloud stability (%), pH, total polyphenolic content retention (%) and DPPH (% inhibition) values of apple juice after plasma treatment (AT) at 10.5 kV during 5 min and during storage at 4 °C.SampleTime (days)pHNEBCloud valueCloud stabilityTPCDPPHAT3.73 ± 0.00^b^0.12 ± 0.01^a^0.44 ± 0.02^a^8.57 ± 0.10^a^100 ± 7^a^79.4 ± 0.8^a^73.76 ± 0.01^a^0.09 ± 0.01^b^0.38 ± 0.01^b^8.33 ± 0.19^a^88 ± 5^b^57.2 ± 0.3^b^Untreated juice143.76 ± 0.01^a^0.10 ± 0.01^ab^0.31 ± 0.01^c^5.72 ± 0.05^b^96 ± 1^ab^58.5 ± 0.5^b^213.69 ± 0.01^c^0.10 ± 0.01^ab^0.32 ± 0.01^c^5.60 ± 0.04^b^90 ± 3^ab^61.6 ± 3.5^b^283.70 ± 0.01^c^--0.30 ± 0.01^c^3.25 ± 0.12^c^86 ± 3^b^--  AT3.69 ± 0.00^c^0.20 ± 0.01^a^0.37 ± 0.01^a^8.83 ± 0.15^a^111 ± 10^a^78.4 ± 0.3^a^73.74 ± 0.01^a^0.14 ± 0.01^b^0.37 ± 0.01^a^7.46 ± 0.06^b^101 ± 3^a^60.0 ± 0.1^b^1 min treated143.71 ± 0.01^b^0.13 ± 0.01^b^0.33 ± 0.01^b^5.18 ± 0.10^c^114 ± 2^a^61.6 ± 0.1^b^213.66 ± 0.01^d^0.12 ± 0.01^b^0.07 ± 0.01^c^2.19 ± 0.05^d^101 ± 4^a^60.7 ± 0.2^b^283.67 ± 0.01^d^--0.06 ± 0.01^c^1.88 ± 0.03^d^101 ± 5^a^--  AT3.65 ± 0.00^b^0.23 ± 0.01^a^0.31 ± 0.01^c^8.93 ± 0.06^a^136 ± 2^b^85.0 ± 0.2^a^73.70 ± 0.01^a^0.13 ± 0.01^c^0.37 ± 0.01^a^7.22 ± 0.21^b^134 ± 5^b^68.8 ± 0.8^b^2 min treated143.68 ± 0.01^a^0.16 ± 0.01^b^0.34 ± 0.01^b^5.47 ± 0.17^c^147 ± 2^a^68.9 ± 1.1^b^213.63 ± 0.01^c^0.13 ± 0.01^c^0.09 ± 0.01^d^2.04 ± 0.04^d^123 ± 5^c^68.1 ± 0.1^b^283.63 ± 0.01^c^--0.06 ± 0.01^e^1.16 ± 0.03^e^124 ± 1^c^--  AT3.63 ± 0.00^c^0.23 ± 0.01^a^0.39 ± 0.01^c^8.12 ± 0.05^a^146 ± 1^a^92.9 ± 0.3^a^73.70 ± 0.01^a^0.14 ± 0.01^c^0.44 ± 0.01^a^8.22 ± 0.08^a^117 ± 1^c^74.2 ± 0.9^b^3 min treated143.66 ± 0.01^b^0.18 ± 0.01^b^0.42 ± 0.01^b^6.98 ± 0.20^b^128 ± 6^b^74.5 ± 1.2^b^213.61 ± 0.01^d^0.15 ± 0.01^c^0.09 ± 0.01^d^2.26 ± 0.05^c^136 ± 3^b^72.0 ± 0.4^c^283.62 ± 0.01^c^--0.05 ± 0.01^e^1.22 ± 0.06^d^135 ± 4^b^--  AT3.59 ± 0.00^c^0.22 ± 0.01^a^0.42 ± 0.01^a^7.66 ± 0.14^a^169 ± 1^a^93.4 ± 1.5^a^73.66 ± 0.01^a^0.14 ± 0.01^c^0.43 ± 0.01^a^7.39 ± 0.01^ab^143 ± 6^b^75.9 ± 0.5^c^4 min treated143.64 ± 0.01^b^0.18 ± 0.01^b^0.38 ± 0.01^b^7.06 ± 0.25^b^151 ± 12^b^78.3 ± 0.3^b^213.58 ± 0.01^c^0.14 ± 0.01^c^0.22 ± 0.01^c^3.81 ± 0.08^c^145 ± 1^b^74.4 ± 0.6^c^283.59 ± 0.01^c^--0.05 ± 0.01^d^1.05 ± 0.02^d^145 ± 1^b^--  AT3.58 ± 0.00^b^0.22 ± 0.01^a^0.45 ± 0.01^a^9.41 ± 0.23^a^164 ± 1^a^92.8 ± 0.2^a^73.63 ± 0.01^a^0.14 ± 0.01^c^0.43 ± 0.01^ab^8.75 ± 0.01^b^166 ± 1^a^76.4 ± 0.4^c^5 min treated143.62 ± 0.01^a^0.13 ± 0.01^b^0.42 ± 0.01^b^7.80 ± 0.23^c^159 ± 2^b^78.2 ± 0.5^b^213.57 ± 0.01^b^0.17 ± 0.01^c^0.35 ± 0.02^c^7.18 ± 0.14^d^158 ± 2^b^73.3 ± 1.0^d^283.58 ± 0.01^b^--0.18 ± 0.01^d^1.03 ± 0.06^e^143 ± 2^c^--[^1]

Color parameters of different samples are plotted in [Fig. 4](#f0020){ref-type="fig"}. Total change in color (ΔE) has been calculated (Eq. [(2)](#e0010){ref-type="disp-formula"}) and is also represented. This value is the total change in color between the treated samples during storage compared to the untreated juice. After plasma treatment, significant changes in color parameters can be observed depending on the duration of the treatment applied to each juice. Lightness (L) of the juice only decreased after 1 min of plasma treatment, and after longer treatments, this value was maintained and even increased in juice treated for 4--5 min. The optimal value was obtained after the 5 min treatment, where L value significantly increased from 39.5 ± 0.1 (untreated sample) to 43.9 ± 0.6, and, although this value was not maintained over storage, it was still higher than the value in the untreated juice, at 40.3 ± 0.4 after 21 days. Similar values can be seen for the 4 min treated sample. In untreated and 1 min treated samples lightness of the juice significantly decreased during storage time, pointing that juice had suffered severe browning, which could also be probed visually. Another important value related to browning in the juice is redness (a\* value), and usually, an increase in this value is related to browning. In [Fig. 4](#f0020){ref-type="fig"}b, the difference of this value between different treated samples is evident, the longer the plasma treatment, the lower the value, which means that the juice has gone to a greener color and has not browned. During storage this value increased in all the samples, but at the highest treatment times it was more or less constant over storage. This value is correlated with the b\* values obtained, indicating that the longer the plasma treatment, the greener the juice, and the values are generally maintained during storage ([Fig. 4](#f0020){ref-type="fig"}c). With the changes observed in color parameters, it can be said that plasma treatment effect on color is treatment time dependent, and the best results for color quality were obtained at 4 and 5 min treatment were juice is more green and yellow, and lightness increased. In [Fig. 4](#f0020){ref-type="fig"}d, total color change of the samples is represented, and it can be clearly seen that juices with longer treatments suffered a bigger change after the treatment due to lightening, but stability was maintained during the storage. In all cases, ΔE value during storage was higher than 3, so the change in color was very distinct ([@b0125]), and clearly appreciable visually. No studies of the effect of plasma on color of fresh juice have been found in the literature, but there are some studies of color changes on commercial apple juices after plasma treatments ([@b0045], [@b0095]). In these studies, apple juice was treated during very short times (2 min or lower) with a plasma jet device and DBD plasma respectively. After both treatments, juice was brown due to an increase in a\* and b\* values and a decrease in lightness. Also total color change was greater than that obtained in this work. It can be observed that spark plasma discharge using air, and the associated chemistry has a better effect on the color properties of the juice than other plasma devices.Fig. 4Color parameters (a) L\* (b) a\* and (c) b\* of (black) untreated samples and plasma treated samples after (dark grey) 1 min, (grey) 2 min, (light grey) 3 min, (white) 4 min and (striped) 5 min and during storage at 4 °C. Values with different letters in each figure are significantly different for each treatment time when applying the Tukeýs honestly significant difference (HSD) method at p-value ≤ 0.05. (d) Total color change during storage of (♦) untreated juice and after plasma treatment of (□) 1 min, (Δ) 2 min, (◊) 3 min, (×) 4 min and (○) 5 min.

Browning in juice is not only produced by the action of the enzymes, but non-enzymatic browning (NEB) also occurs by different reactions in food during processing and storage, and it can be used as an index of the freshness and quality of juices. As it can be seen in [Table 1](#t0005){ref-type="table"}, just after treatment non-enzymatic browning increased in all the samples, from Abs~443nm~ = 0.12 ± 0.01 to approximately 0.22. During storage, those values decreased, which is an unusual trend, since non enzymatic browning usually increases during storage. [@b0160] studied non-enzymatic browning in white grape juice, and after 4 min treatment the value of the absorbance increased from 0.09 ± 0.00 to 0.23 ± 0.01, which is similar to that observed in this work. There is no literature regarding changes in this property during liquid food storage post plasma treatments.

### 3.2.2. Cloud value, cloud stability and particle size distribution {#s0120}

Both cloud value and cloud stability are two parameters of great interest in fresh juices and cloudy apple juices. Initial cloud value of untreated apple juice was 0.44 ± 0.02 ([Table 1](#t0005){ref-type="table"}). Although cloud value did not change to a great extent post plasma treatments, the worst results were found after 2 min of treatment, where cloud value was 0.31 ± 0.01. After 4 and 5 min cloud value was maintained post treatment. During storage, all samples showed a decrease in the cloud value, with a faster decline in the case of samples treated for a short time. The optimal values were obtained in the 5 min treated juice, where cloud value was 0.18 ± 0.01 after 28 days of storage, although it was lower than in the untreated sample after the same storage time (0.30 ± 0.01). Cloud stability results are in accordance with cloud value results, where after 5 min of plasma treatment, cloud stability of the juice increased from 8.57 ± 0.10 to 9.41 ± 0.23 ([Table 1](#t0005){ref-type="table"}), although, as it happened in cloud values, the stability significantly decreased during storage. All cloud stability values after 28 days of storage were similar and lower than the cloud value of untreated samples.

The main components responsible for the desirable cloud appearance of apple juice are proteins, pectin and polyphenols ([@b0270]), and the different interactions that can occur between them during and after plasma treatments will determine its stability. Cloud stability of the juice is usually related to the diameters of the particles present in the juice, homogenization occurs when particle size decreases, and therefore, cloud stability increases. According to [@b0025], particle sizes above 0.5 μm to 0.65 μm are unstable and settle out, while the particles below this range are held in suspension and do not settle.

Particle size distribution results are shown in [Table 2](#t0010){ref-type="table"} and plotted in [Fig. 5](#f0025){ref-type="fig"}a. Particle size was not measured during the storage study; results correspond to the juices after different treatment times. As it can be observed in D\[4,3\] values, particle size did not change much, although a significant decrease was observed for 4 and 5 min treatments, where it changed from 8.53 ± 0.05 to 7.00 ± 0.02 and 6.85 ± 0.02 respectively. In contrast, after the one minute treatment, the D\[4,3\] value significantly increased to 13.34 ± 0.06. Obtained values for d(0.1) and d(0.5) parameters were also practically unchanged after plasma treatment, but a bigger change was seen in d(0.9) values. This parameter indicates the size where 90% of the particles are below it. As seen in [Table 2](#t0010){ref-type="table"}, after a treatment of one minute, particle size in the juice increased, since d(0.9) increased from 28.2 ± 1.2 to 45.5 ± 2, which may have been caused by coagulation of particles. After longer treatments, d(0.9) value decreased, therefore increasing treatment time decreased the particle size. After 5 min treatment, d(0.9) was 7.8 ± 0.1, which is lower than the value for the untreated juice, but it is still high enough for a stable juice. This can be seen in [Fig. 5](#f0025){ref-type="fig"}a, where in the particle size range between 0.1 and 1 μm, there is an increase in the volume (%) of the treated samples compared to the untreated one, as well as a decrease in the particles between 10 and 100 μm (except for 1 min treated). This change is clearly visible in Span values, which also increased after 1 min, but decreased thereafter with longer treatments. As expected, the lowest Span value was after 5 min treatment, decreasing from 106 ± 7 in the untreated sample to 28 ± 2 in the treated one. Span value represents the distribution width, so this decrease indicates a homogenization of the juice, which should contribute to its cloud stability. Although particles are much higher than 0.5 μm and cloud stability was low, no phase separation was observed in the juices that had been treated during 4 and 5 min during the shelf life study. One possible explanation of the cloud maintenance in these juices is the inactivation of another enzyme that is usually present in apple juice and which activity has not been measured in this study, pectinmethylesterase (PME). This enzyme causes pectin demethylation that can precipitate with calcium ions present in the juice, producing clarification and loss of turbidity ([@b0075]). Based on the good results obtained in PPO inactivation after these treatments of 4 and 5 min, total or partial inactivation of this other enzyme could have happened. [@b0270] also explained that a factor important for cloud stability could be the electrostatic repulsion by negative charges present in the partly de-methylated pectin, which would avoid aggregation.Table 2PSD values of untreated and plasma treated juices after different treatment times.SampleD \[3,2\]D \[4,3\]d (0.1)d (0.5)d (0.9)Span[\*](#tblfn1){ref-type="table-fn"}Untreated0.19 ± 0.01^a^8.53 ± 0.05^b^0.084 ± 0.001^a^0.26 ± 0.01^a^28.2 ± 1.2^b^106 ± 7^b^1 min0.21 ± 0.02^c^13.34 ± 0.06^a^0.087 ± 0.001^b^0.30 ± 0.02^c^45.5 ± 2^a^152 ± 8^a^2 min0.20 ± 0.01^b^7.53 ± 0.05^d^0.088 ± 0.001^b^0.28 ± 0.01^b^21.1 ± 0.8^c^75 ± 5^c^3 min0.20 ± 0.01^b^8.23 ± 0.03^c^0.088 ± 0.001^b^0.28 ± 0.01^b^22.5 ± 0.6^c^81 ± 7^c^4 min0.20 ± 0.01^b^7.00 ± 0.02^e^0.087 ± 0.001^b^0.26 ± 0.01^a^13.9 ± 0.1^d^53 ± 5^d^5 min0.20 ± 0.01^b^6.85 ± 0.02^f^0.089 ± 0.001^b^0.27 ± 0.01^b^7.8 ± 0.1^e^28 ± 2^e^[^2][^3]Fig. 5Particle size distribution of (a) Untreated and treated cloudy apple juice at different treatment times (b) Untreated and treated juices at different voltages input.

Particle size distribution of the juices treated at different voltages is plotted in [Fig. 5](#f0025){ref-type="fig"}b. The distribution did not change to a great extent, but some differences can be found especially in the bigger size range, where lower voltage treatments produced an increase in the volume of big particles sizes.

### 3.2.3. Total phenolic content and antioxidant capacity {#s0125}

[Table 1](#t0005){ref-type="table"} shows the evolution of total polyphenolic compounds retention after plasma treatments and during the shelf life study at 4 °C. Total phenolic compounds (TPC), expressed as percentage of the initial value, increased after all plasma treatments, and it was significantly higher when treatment time increased, reaching the highest values in the 4 and 5 min treated juices, where TPC increased by 69% and 64% respectively. During storage, all samples suffered a decrease in TPC content, but after 28 days, these values were still higher than in the untreated juice. [@b0190] observed the same trend, the TPC showed a significantly higher increase with increasing the treatment time. They observed an increment of 114% in TPC of cashew apple juice after 5 min of plasma treatment. The same increase was obtained by [@b0045] after a DBD treatment of 2 min on commercial apple juice. Both studies explained that the increase in phenolic compounds is probably caused by an increase in cell membrane breakdown, where these compounds are located. The energy applied by the plasma treatment and also the degradation of the cell membrane by the action of plasma reactive species could produce this breakdown and enhance the phenolic extraction. [@b0180] studied TPC in processed kiwifruit and they also obtained a decrease of around 5% after storage of 4 days.

The determination of phenolic content is related to antioxidant capacity of the sample ([@b0140]), as it can be observed in DPPH inhibition results ([Table 1](#t0005){ref-type="table"}). A very similar trend to the changes observed in TPC can be seen, with an increase in antioxidant capacity with treatment time, although in this case, the 3 min treatment was as effective as 4 and 5 min. In these samples DPPH % inhibition increased from 79.4 ± 0.8% to approximately 93%. As happened with TPC, despite this initial increase, antioxidant capacity decreased during storage, although from day seven onwards, antioxidant capacity remained constant until the end of the shelf life study. This overall decrease of antioxidant capacity can be explained by the ability of antioxidant compounds present in the juice to scavenge the free radicals generated with plasma, which would decrease their concentration in the juice ([@b0045]). This explanation also includes phenolic compounds, and explains their decrease during storage, although according to ([@b0140]), further work is needed to clarify the reaction chemistry between plasma and antioxidants in food.

4. Conclusions {#s0130}
==============

Cold plasma treatment using spark discharge to liquid was an effective alternative for the treatment and quality preservation of cloudy apple juice. The optimal conditions of treatment were a power input of 10.5 kV and a treatment time of 5 min. Enzyme inactivation and physico-chemical properties were dependent on treatment time. Significant PPO inactivation was achieved after 5 min of treatment, and after 24 h it was totally inactivated. No reactivation of PPO was found in any sample. pH significantly decreased after plasma treatments due to the formation of reactive species. Color of juice was improved after long treatments, being lighter than the untreated sample right after treatment, and it was maintained during storage. Antioxidant capacity of the sample was also increased, as well as polyphenols content, and, although cloud stability didńt show high values and particle size distribution didńt significantly change, the juice quality was stable during storage in samples of long treatments. The study of the properties of juice during extended storage following cold plasma spark discharge treatment, contributes to the development of the implementation strategy for cold plasma technology in juice processing. Further studies are needed for this purpose, with an important aspect of scale up to large volume processing required with a focus on retaining air as the working gas as a renewable resource. Prior to scale up, a detailed study of the sensorial acceptance of the product as well as nutritional impact of consumption with appropriate models are needed to determine the viability and other potential advantages of treating cloudy apple juice by cold plasma technology at an industrial scale.
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[^1]: Values with different letters in each column, and each treatment time (a,b) are significantly different when applying the Tukeýs honest significant difference (HSD) method at p-value ≤ 0.05.

[^2]: Values with different letters in each column, and each treatment (a,b) are significantly different when applying the Tukeýs honestly significant difference (HSD) method at p-value ≤ 0.05.

[^3]: Span has no units.
